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ABSTRACT 

In this paper, the spray characteristics of a double-swirl 

low-emission combustor are analysed by using PIV and PLIF 

technologies in an optical three-sector combustor test rig. 

The interactions between sectors and the influence of venturi 

angle on spray structure are explained. The results illustrate 

that the flow field plays a decisive role in the forming of 

spray structure. The interactions between sectors make the 

differences of flow field and spray structure between sectors. 

The venturi angle has a great influence on the spray structure 

and interactions between sectors. In a word, the results of the 

mechanism of spray organization in this study can be used to 

support the design of new low-emission combustor. 

INTRODUCTION 

There is an urgent need of improving combustion 

efficiency and decreasing emission pollution with the 

increase of stringent regulations on pollutant emissions [1, 

2]. Nowadays, in order to improve the fuel atomization 

performance and reduce pollution, fuel-staged partially 

premixed combustors are applied. The combustor consists of 

pilot stage and main stage. The pilot stage adopts diffusion 

combustion to improve the ignition and the main stage 

adopts partially premixed combustion to improve combustion 

efficiency, avoid hot streak and reduce pollution emission. 

Air-blast nozzle is commonly used in low-emission 

combustor, in which the flow field organization and the spray 

organization determine the combustion efficiency and 

temperature distribution. 

Innovative designs for coping with operability and future 

regulations on pollution emissions has been done by a lot of 

researchers. Swirl cup combustors basing on swirl-stabilized 

combustion have been applied extensively to modern aero 

engine combustors because of the excellent combustion 

performance[3]. Hence, many researchers have carried out a 

lot of studies on the flow field, spray and combustion 

performance of swirl cup combustors. Wang et al., Fu et al., 

and Colby et al. studied the effects of geometry parameters 

on the flow field and spray, including flare geometry, 

confinement, and swirl angle et [4-7]. Ateshkadi et al.[8] 

studied the effect of swirl vane angle, swirl sense and venturi 

on LBO performance, and a new LBO correlation model 

accounting for heterogeneous reaction and geometry of 

mixer component is developed. Ateshkadi[5] and Mongia[9] 
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studied the downstream spray field of a swirl cup combustor 

using PLIF technology, the results showed that venturi can 

control the area of fuel distribution, and form a typical cone 

distribution. Hadef[10] researched the effect of co- and 

counter-swirl on the droplet characteristics. The results 

indicated that the atomization was finer and more spatially 

dispersed in the counter-swirl configuration. This advantage 

leads to easier ignition, a wider burning range, and lower 

pollutant emissions, which help to improve combustion 

efficiency. Based on these studies, the spray structure, the 

flow field structure, the interactions between swirling air 

streams, the main factors determining the spray and 

regularity have been given for the swirl cup combustor. 

Recently, a lot of researches on the flow field and spray 

performance of the fuel-staged low-emission combustor have 

been carried out. Li et al. [11] used the PIV technology to 

measure the flow field of a three-swirl combustor under cold 

condition, and studied how the air amount, the swirler 

structure and the length of the mixing tube influence the flow 

field. Woo[12] studied the influence of the blade rotation 

direction on the flow field and spray field of a double-radial-

swirl combustor. Lilley et al. [13] summarized the 

recirculation characteristics of cold flow and hot flow, and 

found that combustion have a major impact on the flow field. 

Elkady, Li, Cai et al. from Cincinnati [14-16] conducted a 

series of optical measurements and numerical simulations on 

multi-stage swirler, and studied how the swirl number 

influence the flow field and spray field. Yuan Yixiang, Lin 

Yuzhen, Liu Wei et al. [17-19]studied the influence of 

swirler rotation and step height on the flow field and spray 

field of fuel-stage combustor. Zhang Chi [20] studied the 

SMD and N of a counter swirler, the results showed that with 

the increase of pressure drop, the SMD and the N gradually 

decreased, and the fuel distribution become less uniform. Liu 

Cunxi et al.[21] used the PIV and PLIF technology to study 

the flow field and spray field of a three-swirl combustor 

under non-reacting conditions, and studied how the venturi 

angle and main swirl angle influence the flow field and spray 

field. The results show that the recirculating air streams in 

main stage will affect the trajectory of pilot air steams and 

location of vortex in pilot recirculation zone, and the main 

swirl angle has a great impact on droplet spatial distribution. 

Under the same overall pressure loss, the spray cone angle 

increases with venturi angle. The above researches are 

mainly based on single-sector combustor, the flow field and 

spray organization process and structure of single-sector 

combustor have been basically explained. However, for the 

fuel-staged low-emission combustor, more than 60% of the 

total combustor air goes through the sector, which induces 

the enhanced interactions between sectors, the flow field and 

spray characteristics are also affected by the interactions 

between sectors[22], but now the interaction process is still 

unclear. 

In this paper, a three-sector optical visible combustor is 

designed for a type of double-swirl low-emission combustor 

(BUAA TeLESS). There are three different venturi models 

with different venturi angles (PC28: 28°, PB52: 52°, PB90: 

90°). In order to study the effects of venturi angle on the 

spray structures and the interactions between sectors, the 

experimental investigations of the spray structures at various 

testing Planes in the low-emission combustors with different 

venturi angles (28°, 52°, 90°) have been carried out. 

EXPERIMENTAL SETUP 

Model Combustor 

The optical three-sector combustor test rig is shown in 

Figure 1. The combustor has two-stage reverse swirlers 

(Figure 1(a)). The pilot stage uses a pressure-swirl atomizer 

for primary atomization, and the pilot stage blades are 

counter clockwise, the main stage blades are clockwise. The 

pilot stage is in a swirl cup structure, there are three different 

venturi models with different venturi angles (PC28: 28°, 

PB52: 52°, PB90: 90°). The pressure difference (ΔP) is 

measured between the front of the swirler and the behind of 

the swirler, and the relative swirler pressure drop is defined 

as ΔP/P3. Quartz glass measurement windows are arranged 

on the upper side and the right side of the test rig. 

Figure 1(b) shows the measurement Planes ( Plane 1～
Plane 5 ), the distance between Plane 1 to Plane 5 is 107mm, 

the test Plane is 160mm X 140mm. Plane 1 is the central 

Plane of the middle sector, Plane 5 is the central Plane of the 

side sector, and all Planes are uniform distribution. In the test 

rig, the X axis is axial direction, the Y axis is radial direction. 

 

Figure 1(a). Swirler structure 



3 

 

Figure 1(b). Experimental model 

 
Figure 1(c). Combustor test rig 

Optical Setup 

The experiment was carried out on the spray/combustion 

optical diagnostic test bench of the Institute of Engineering 

Thermophysics, Chinese Academy of Sciences. Under 

normal temperature and pressure condition, swirler pressure 

drop ΔP/P3 of 1%, 2%, 3%, 4% and fuel-air ratio of 0.02 

were selected in this study for the underground ignition 

condition. 

The optical setup is shown in Figure 2, which combines 

an image capture, a laser system, and a controlling system. 

 

Figure 2. Optical setup 

RP-3 kerosene is used for spray and combustion 

experiments, and TiO2 particles for PIV measurements. 

There are no fuel droplets in the PIV experiments. The detail 

of the equipment we use is the same with that in paper [21]. 

RESULTS AND DISCUSSION 
The influence of venturi angle on the spray 

characteristics of Plane 1 and Plane 5  

Figure 3 and Figure 4 show the flow field and spray 

characteristics of Plane 1 and Plane 5 under the pressure drop 

of 3% and fuel-air ratio of 0.02, the venturi angles are 28°, 

52°, 90°.  

It can be seen that the flow field mainly contains a high-

speed jet with an expansion angle at the exit of the main 

stage swirler and a big recirculation zone with two vortices in 

the central area. Comparing the flow field structure and the 

spray structure, it is found that the flow field plays a decisive 

role in the forming of spray structure. The spray cone is 

mainly formed by the high-speed jet as the droplets are 

following the swirl air, and the recirculation zone has a great 

influence on the fuel distribution in the central area.  

From Figure 3, It can be seen that there are some 

differences between the spray structure of middle sector and 

side sector under the same pressure drop and fuel-air ratio, 

which are mainly induced by the interactions between sectors 

(as shown in Figure 5). For example: the fuel concentration 

in the central area of Plane 5 is higher than that of Plane 1, 

and there is no hollow spray cone in Plane 5, especially when 

the venturi angle is 52°, 90°. The main reason is that the 

width of the recirculation zone, the jet velocity and the jet 

expansion angle in Plane 5 are higher than those in Plane 1 

(as shown in Figure 4 and Figure 6). The flow field in middle 

sector is affected by the swirling flow of two side sectors, 

which makes the swirl intensity attenuate greatly, and affects 

the development of the swirl flow in the radial direction, 

resulting in a small expansion angle of the flow field and a 

small width of the recirculation zone. The attenuation of side 

sector swirl intensity is smaller than the middle sector, which 

results in a higher expansion angle and width of the 

recirculation zone. The large swirl intensity of side sector 

induces that part of the fuel in the middle sector is drawn to 

the side sector so that the fuel concentration in the central 

area of Plane 5 is higher than that of Plane 1. The higher 

expansion angle and width of the recirculation zone of side 

sector induce that more fuel following the swirl air into the 

recirculation zone, and the fuel distribution be more uniform, 

the hollow spray cone disappear. 

In addition, it can be found that the venturi angle has a 

great influence on the flow field and spray structure. There 

are larger fuels at upstream of Plane 1 as the venturi angle 

becomes higher, especially when the venturi angle is 90°. As 

the venturi angle becomes higher, there is bigger area inside 

the pilot stage, which may induce that more fuel droplets 

following the pilot swirl air directly into the main 

combustion zone, and less fuel droplets impact the venturi 

wall to form a film. From Figure 3, we can also see that the 

spray cone when the venturi angle is 52° is smaller than 

that when the venturi angle is 28° or 90°. The main 

reason may be that when the venturi angle is 28°, there is a 

relatively short length of the venturi wall, the velocity loss of 

fuel is small and the swirl intensity is big enough to induce a 

large radial velocity, so that the fuel will has a large spray 

cone. When the venturi angle is 90°, the exit of the venturi 

is relatively big, and the angle of fuel film is big enough to 

make a large spray cone. 
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Figure 3. Spray characteristics of Plane 1 and Plane 5 under 

the pressure drop of 3% and fuel-air ratio of 0.02 

 

Figure 4. Flow field characteristics of Plane 1 and Plane 5 

under the pressure drop of 3% 

 

Figure 5. Interactions between sectors 

 

Figure 6. Comparison of the recirculation zone of Plane 1 

and Plane 5 under the pressure drop of 3% 

Figure 7 shows the radial distribution of fuel at different 

axial positions when the venturi angle is 28°. It can be seen 

that the fuel distribution intensity at an axial position of 

30mm from the exit of swirler is higher than that of 40mm 

and 50mm, and with the increase of axial position, the radial 

position at where the fuel distribution intensity reaches the 

maximum becomes higher, but the maximum fuel 

distribution intensity becomes smaller. The main reason is 

that the peak concentration drops with the increase of the 

axial coordinate due to the cone spreading. 

 

Figure 7. The radial distribution of fuel at different axial 

positions when the venturi angle is 28° 
The influence of venturi angle on the spray 

characteristics of Plane 3 

 
Figure 8. Spray characteristics of Plane 3 under the pressure 

drop of 3% and fuel-air ratio of 0.02 

 

Figure 9. Flow field characteristics of Plane 3 under the 

pressure drop of 3% 

Figure 8 and Figure 9 shows the flow fields and spray 

structures of different venturi angles of Plane 3 under 

pressure drop of 3% and fuel-air ratio of 0.02.  

Figure 8 and Figure 3 shows that the fuel distribution 

area of Plane 3 is bigger than that of Plane 1 and Plane 5, and 

more uniform. The fuel distribution is influenced by the flow 

field and the interactions between sectors. It can be seen 

from Figure 9 that the velocity of Plane 3 is small, especially 

the radial velocity, which is induced by the interactions 

between the flow fields of sectors. The interactions between 

the flow fields make the swirl intensity attenuate greatly, and 

affect the development of the swirl in the direction of radial. 
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In addition, the results show that there is a recirculation 

zone at upstream of Plane 3 when the venturi angle is 28° 

and 52°, whereas not one when the venturi angle is 90°. 

When the venturi angle is 90°, there is a low-velocity zone at 

the upstream. We can also see that the fuel account at 

upstream of Plane 3 when the venturi angle is 28° is the 

largest, and that of 90° is the smallest, which may be induced 

by the flow field (recirculation zone and low-velocity zone) 

at upstream of Plane 3. The recirculation zone and the low-

velocity zone are harmful to the swirler, which may cause the 

carbon deposit. 

The influence of pressure drops on the spray 

characteristics of Plane 1 (Model: PC28) 

 

Figure 10. Spray characteristics of Plane 1 under different 

pressure drops when the fuel-air ratio is 0.02 

 

Figure 11. Flow field characteristics of Plane 1 under 

different pressure drops 

 

Figure 12. Comparison of the recirculation zones of 

Plane 1 under different pressure drops 

Figure 10 shows the spray characteristics of Plane 1 

under different pressure drops when the fuel-air ratio is 0.02. 

Figure 11 and Figure 12 show flow field characteristics of 

Plane 1 under different pressure drops.  

From Figure 10, It can be seen that the intensity of the 

fuel-LIF and the spray cone in Plane 1 become higher with 

the increase of pressure drops at the same fuel-air ratio. The 

results in Figure 11 and Figure 12 show that with the 

increase of swirler pressure drop, the jet velocity at the exit 

of the swirler, the jet expansion angle, and the width of the 

recirculation zone become higher. The reason for the above 

phenomenon is that the velocity of the airflow is proportional 

to the pressure drop.  

As the pressure drop increases, the relative concentration 

of droplets in the center of the combustor decreases first and 

then increases. When the pressure drop is 1%, the amount of 

fuel is small, which makes the primary atomization not good 

enough to fully open the spray cone, and a lot of droplets 

directly enter the main combustion zone following the swirl 

air. With the increase of pressure drop, the swirl intensity 

become higher and the fuel is injected from the pressure-

swirl atomizer at a higher speed, which makes the 

atomization performance better, and more and more fuel are 

drawn to the main combustion zone. It can also be seen that 

the width of spray cone becomes higher as the pressure drop 

increases. The higher jet velocity, the higher expansion angle 

and recirculation zone make the width of spray cone become 

higher. 

ONCLUSIONS 

In this paper, the spray characteristics of a double-swirl 

low-emission combustor are analysed by using PIV 

technology and PLIF technology in the optical three-sector 

combustor test rig, the interaction between sectors and the 

influence of venturi angle on spray structure are explained. 

The results show: 

(1) The flow field plays a decisive role in the forming of 

spray structure. The spray cone is mainly formed by the 

high-speed jet as the droplets are following the swirl air, and 

the recirculation zone has a great influence on the fuel 

distribution in the central area. 
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(2) The fuel concentration in the central area of Plane 5 

is higher than that of Plane 1, and there is no hollow spray 

cone in Plane 5, especially when the venturi angle is 52°, 

90°. The main reason is that the width of the recirculation 

zone, the jet velocity and the jet expansion angle in Plane 5 

are higher than those in Plane 1. 

(3) The venturi angle has a great influence on the flow 

spray structure. The fuel concentration at upstream of Plane 1 

becomes higher with the increase of venturi angle. 

(4) The intensity of the fuel-LIF and the spray cone in 

Plane 1 become higher with the increase of pressure drops. 

The higher jet velocity, the higher expansion angle and 

recirculation zone make the width of spray cone (h) become 

higher. 

NOMENCLATURE 

PIV        Particle Imaging Velocimetry 

ΔP         Pressure Difference 

P3         Pressure at the Swirler Inlet 

ΔP/P3      Pressure Drop 

PLIF       Planar Laser Induced Fluorescence 

LBO       Lean Burnout 

ΔP         Pressure Difference 

P3         Pressure at the Swirler Inlet 

ΔP/P3      Pressure Drop 

SMD       Sauter Mean Diameter 
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